The study aimed to compare the dosimetric parameters to target dose coverage and the critical structures in the treatment planning of helical tomotherapy (TOMO), volumetric-modulated arc therapy (VMAT), and fixed-field intensity-modulated radiotherapy (IMRT) for NSCLC delivering conventionally fractionated radiotherapy. Thirty patients with pathologically confirmed NSCLC were included. Three radiation treatment plans were designed for each patient. All patients received the uniform prescription dose of 60 Gy to the planning target volume. The conformity index (CI), heterogeneity index (HI), and parameters of critical structures were calculated. A significantly superior mean CI was observed in VMAT than in TOMO or IMRT (P = 0.013, 0.001). Mean HI was also better using VAMT or IMRT than TOMO (P = 0.002, 0.003). Mean lung V 20 and V 30 were significantly reduced by TOMO compared to IMRT (P = 0.019, 0.029). The heart was spared by IMRT compared to TOMO in terms of mean heart dose, V 5 , V 10 , and V 20 (P < 0.05). In larger tumor, VMAT provided the optimal dose distribution and sparing to heart. Compared to TOMO and IMRT, VMAT achieved better target dose distribution and similar sparing of critical structures. VMAT seemed to be the optimal technique for NSCLC.
addition, VMAT has been reported to be a better dose conformity or sparing of OARs with a shorter treatment time than IMRT in different solid cancers [7] [8] [9] . Helical tomotherapy (TOMO) is another novel approach of the IMRT techniques using a helical 360° radiation delivery system, similar to a spiral computed tomography (CT) scan. Compared to conventional fixed-field IMRT, TOMO has the advantage of using a higher number of independent beam directions, which may result in better dose conformity to target. By rapid opening and closing of leaves in a collimator rotating around the patient, TOMO provides the ability to sculpt radiation doses to complex shaped tumorous regions while avoiding doses to normal organs 10 . Nowadays, TOMO is frequently used for a variety of diseases [11] [12] [13] [14] . However, the clinical value of TOMO in lung cancer is still controversial so far. At the same time, TOMO and VMAT may deliver more extensive low-dose irradiation to the surrounding normal lung tissue. This may potentially be harmful, especially in combination with chemotherapy or target therapy [15] [16] [17] . Although all of these three modern radiation techniques are capable of achieving treatment plans with high conformity while reducing the dose delivered to the surrounding OAR, there is no consensus on the "optimal" treatment technique to NSCLC so far. In this dosimetric study, we explored and compared the dosimetric parameters to target dose coverage and the OARs in the treatment planning of TOMO, VMAT and IMRT for NSCLC delivering conventionally fractionated radiotherapy.
Material and Methods
Patient clinical data. From August 2015 to May 2016, a total of 30 patients with pathologically confirmed NSCLC were enrolled in the Department of Radiation Oncology at Zhejiang Cancer Hospital. All the patients were medically inoperable, or they refused to have an operation. The treatment plan was radical radiotherapy or combined chemoradiotherapy. Clinical stage ranged from IIB to IIIB according to the 7 th edition of the American Joint Committee on Cancer (AJCC) staging manual for lung cancer. The median age of the 30 patients was 62 years old (range, 40-79 years). Most of them were males (29 patients, 96.7%). The detailed clinical and pathological characteristics of the 30 patients were summarized in Table 1 . Informed consent forms were signed by all Table 1 . Patient characteristics. Abbreviation: SCC = squamous cell carcinoma; AC = adenocarcinoma; NSCC-NOS = non-small cell carcinoma-not otherwise specified; LUL = left upper lobe; LLL = left lower lobe; RUL = right upper lobe; RML = right middle lobe; RLL = right lower lobe; PTV = planning tumor volume.
patients. The ethics institutional review board of Zhejiang Cancer Hospital approved the protocols for data collection and analyses. All the methods described here were performed in accordance with the relevant guidelines and regulations.
Targets delineation and dose prescription. All the patients underwent four-dimensional computed tomography (4D-CT) with Philips Brilliance CT Big Bore simulator in the supine position and free breathing conditions. Patients were scanned using the bellows device placed around the abdomen. Images were binned in 10 phases, with 5-mm thickness throughout the entire neck, thorax, and upper abdomen. The primary lung tumor and lymph nodes measuring ≥ 1 cm in short-axis diameter on thoracic enhanced CT and/or PET positive intake were included in the gross tumor volume (GTV). The internal GTV was contoured on a reconstructed maximum intensity projection image using the 10-phase 4D-CT simulation scan and verified across all phases of the 4D-CT dataset 18 . The internal clinical target volume (ICTV) was created by expanding the 6-8mm isotropic margin without extending into uninvolved organs. The planning target volume (PTV) was generated by expanding the ICTV by 5 mm isotropically. The TOMO, VMAT, and IMRT treatment plans were performed using Tomotherapy (Accuray Incorporated, Sunnyvale, CA) and Raystation (RaySearch Laboratories AB, Stockholm, Sweden) treatment planning software for each patient. Fixed seven-field and two-arc technique was used in the IMRT and VMAT plans, respectively. A total of 60 Gy in 30 fractions was prescribed to the PTV. The constraints of OARs mainly included as follows: Lung V20 (i.e., percentage of the total lung volume receiving ≥ 20 Gy) ≤ 33%, mean lung dose (MLD) ≤ 17 Gy; mean heart dose (MHD) ≤ 35 Gy, heart V40 ≤ 60%; spinal cord maximum dose ≤ 45 Gy; esophageal maximum dose ≤ 105% of prescription dose. To insure the consistency of all radiation plans, two specially appointed experienced radiation physicians completed and optimized the three different plans of the same patient. All the radiation therapies were performed with linear accelerator 6MV-X. Typical dose distributions for TOMO, VMAT, and IMRT plans of one patient are shown in Fig. 1 .
Treatment plan evaluation.
To compare the dosimetric differences among the three modern radiation techniques, the dose-volume histograms for the PTV, total lung, heart, esophagus, and spinal cord were calculated. To evaluate the precise fitting of the radiation distribution to the PTV, the conformity index (CI) was used, which was calculated according to the following equation 19 : CI = (V ROI, pres ) 2 /(V ROI *V body, pres ), where V ROI, pres is the volume of PTV covered by the prescription dose, V ROI is the volume of PTV, and V body, pres is the total volume covered by the prescription dose. The closer CI value to 1 means the higher conformity of the radiation plans Statistical analysis. All dosimetric parameters were analyzed by applying "mean ± SD". Post hoc Student's t-tests were applied for pair wise comparisons of relevant dosimetric parameters when a one-way analysis of variance (ANOVA) was statistically significant. Statistical analyses were performed using SPSS version 23.0 (SPSS Inc., Chicago, IL, USA). All p-values were two-sided, and a p-value less than 0.05 was considered statistically significant.
Results
Target dose coverage. PTV dosimetric parameters and comparisons among the three radiation techniques were summarized in Table 2 . Compared with the other two techniques, VMAT generally provided a higher CI and a lower HI, indicating a more conformal and homogeneous dose distribution to the PTV (Fig. 2) . The mean CI was significantly superior by VMAT compared to either TOMO or IMRT techniques (P = 0.013, 0.001, respectively). The mean HI was also significantly better by VAMT and IMRT compared to TOMO (P = 0.002, 0.003, respectively). The mean dose to PTV by VMAT was 62.41 Gy, which was significantly decreased compared to plans by TOMO (63.37 Gy, P < 0.001) and IMRT 62.68 Gy, P = 0.047). In terms of high-dose areas (D 1 , D 2 ) and low-dose areas (D 98 , D 99 ), V 95 , and V 105 , TOMO was significantly inferior compared to the other two techniques (P < 0.05), indicating worse dose distribution by the TOMO planning.
Sparing doses to OARs. The dose parameters of OAR and targets were listed in Table 2 Table 2 . Comparison of target and OARs' dose-volume parameters in three radiation techniques. Abbreviation: OAR = organs at risk; PTV = planning target volume; CI = conformity index; HI = heterogeneity index; T = helical tomotherapy; V = volumetric-modulated arc therapy; I = intensity-modulated radiotherapy; MLD = mean lung dose; MHD = mean heart dose.
SCienTifiC RePORTS | 7: 14863 | DOI:10.1038/s41598-017-14629-w P = 0.029). The heart was spared significantly by IMRT plan compared to TOMO plan in terms of MHD, V 5 , V 10 , and V 20 (P < 0.05). The comparative discrepancies of MLD and MHD among the three techniques for each patient were drawn on Figs 3 and 4. The mean esophagus dose and maximum doses to the esophagus and spinal cord were comparable among the three radiation techniques (P > 0.05).
Dosimetric comparison in subgroup analysis.
We divided the cohorts into three kinds of subgroups according to the primary tumor type, volume, and location. In the centrally located lung lesions, VMAT also showed a significantly superior CI and HI than the other two techniques in CI and HI. Compared with the IMRT plan, the mean V 20 of lung was significantly reduced by the TOMO plan (21.06% vs. 23.38%, P = 0.002), but V 5 conversely increased (43.41% vs. 39.12%, P = 0.002). While in the peripherally located lung lesions, there were no significant differences in dosimetric parameters delivered to the lung, heart, spinal cord, and esophagus among all three techniques. In comparison to TOMO and IMRT, VMAT had a slight advantage to CI and HI (Table 3) . We selected the median PTV volume of 312 mm 3 as the cutoff value to separate the larger target volume from the smaller target volume. In the subgroup of larger target volumes, VMAT had statistical advantages over CI (P = 0.002) to IMRT and HI to TOMO (P = 0.034). Meanwhile, VMAT was significantly superior to MHD, V 5 , V 10 , and V 20 of the heart compared with TOMO (P < 0.05). In the smaller target volumes, CI was similar among the three techniques and TOMO provided the worst HI and heart V 5 (Table 4) . Otherwise, in terms of the left-lung tumors, TOMO had better lung sparing than VMAT and IMRT, especially in lung V 20 and V 30 compared with IMRT (P < 0.05). However, VMAT had significantly superior advantage to heart sparing (MHD, V 10 , V 20 , Correlations between PTV and differences among the three radiation techniques in mean lung dose (MLD) for the total lung. ΔMLD stands for the differences between two radiation plans in MLD. For the patients with smaller volumes, the three radiation plans were comparable, but for larger volumes, VMAT showed the better MLD compared with TOMO and IMRT plans in MLD.
Figure 4.
Correlations between PTV and differences among the three radiation techniques in mean heart dose (MHD). ΔMHD stands for the differences between two radiation plans in MHD. For the large volumes, TOMO seems to be inferior to IMRT and VMAT plans in MHD. Table 3 . Comparison of target and OARs' dose-volume parameters in the subgroup of centrally and peripheral located lung lesions. Abbreviation: OAR = organs at risk; PTV = planning target volume; CI = conformity index; HI = heterogeneity index; T = helical tomotherapy; V = volumetric-modulated arc therapy; I = intensitymodulated radiotherapy; MLD = mean lung dose. ). Abbreviation: OAR = organs at risk; PTV = planning target volume; CI = conformity index; HI = heterogeneity index; T = helical tomotherapy; V = volumetric-modulated arc therapy; I = intensity-modulated radiotherapy; MHD = mean heart dose. and V 30 ) compared with TOMO in left-lung tumors (P < 0.05). As to the right-lung tumors, VMAT indicated the best CI and HI compared to TOMO and IMRT (P < 0.05). TOMO had statistically inferior MLD (P = 0.037), heart V 5 (P = 0.013), and V 10 (P = 0.037) compared with IMRT (Table 5) .
Discussion
To the best of our knowledge, the present study is the first report comparing dosimetric parameters of three different modern radiation techniques, which are TOMO, VMAT, and IMRT, in radical radiotherapy for stage IIB-IIIB NSCLC. From the results of the study, we found that the dose coverage, conformity, and homogeneity of the PTV and the sparing of critical structures adjacent to the tumor target were satisfactory in all three plans, but the VMAT technique had a better conformal coverage and dose distribution compared to the TOMO and IMRT techniques. Otherwise, lung V20 and V30 were significantly reduced by TOMO compared to IMRT. Conversely, the heart was spared significantly by the IMRT plans compared to the TOMO plans in terms of MHD, V 5 , V 10 , and V 20 (P < 0.05). The mean maximum doses to the esophagus and spinal cord were comparable among the three radiation techniques (P > 0.05).
IMRT has been regarded as the "standard" radiation technique and has been widely used in the clinic 21 . However, the clinical value of TOMO remains controversial in terms of NSCLC, especially in locally advanced lung cancer such as the cases with larger and/or centrally located lesions or for patients who have widespread lymph node involvement cases. Some studies have shown that TOMO can improve target coverage while sparing critical organs compared to fixed-field IMRT in many solid tumors [22] [23] [24] . A study by Kron et al. 25 compared TOMO plans with IMRT plans generated using 6 to 10 coplanar beams for 15 patients with stage III inoperable NSCLC. All patients had treatment plans of 60 Gy at the primary target and 46 Gy at the regional lymph nodes, including the mediastinum. A good correlation was found between the quality of the TOMO plans and the IMRT plans with TOMO being slightly better than those of the IMRT in most cases. The overlap between lung and PTV was found to be a good indicator of plan quality for TOMO. For early-stage NSCLC, the TOMO technique performed better dosimetrically as compared to the seven-field coplanar IMRT and the two-arc coplanar RapidArc, reducing maximum rib dose, as well as improving dose conformity and uniformity 26 . The study by Xhaferllari et al. 27 provided an extensive dosimetric planning among fixed-beam IMRT, VMAT, and TOMO for early-stage NSCLC with SABR. The results demonstrated that VMAT had the optimal trade-off in dose conformity, sparing normal tissue, and treatment efficiency when compared with fixed-beam. VMAT outperformed TOMO in all parameters measured and was advantageous in treating early-stage NSCLC with SABR compared to fixed-beam, while providing significantly shorter treatment times. The results were nearly consistent with our findings. In our subgroup analysis, we found that TOMO created the reduction of lung V20 at the cost of increasing V5 spread to normal lung in centrally located lung lesions. Meanwhile, TOMO did not show a significant benefit on target dose coverage. With the comprehensive consideration, the TOMO radiation technique showed an inferior status compared to the VMAT and IMRT. We should be cautious to adopt the TOMO technique in the treatment of locally advanced NSCLC.
VMAT has been reported to create better dose conformity or sparing of OARs with a shorter treatment time than IMRT in treating different cancers [10] [11] [12] [13] [14] [15] . Theoretically, the VMAT technique may also produce a large volume of low dose regions in the surrounding normal tissue. Such wide distribution of low dose might be harmful to the patient with regard to lung cancer 18, 19 . The results of the present study demonstrated that the VMAT technique generally improved the conformal coverage and dose distribution compared to the TOMO and IMRT techniques. On the other hand, almost all the dosimetric parameters of sparing the surrounding organs were comparable with TOMO and IMRT. Especially, in the subgroup of larger target volume, VMAT provided the optimal technique compared with the other two plans, regardless of dose distribution or sparing the normal heart. As to comprehensive evaluation, VMAT seems to be the optimal treatment among the three techniques for unresectable stage IIB-IIIB NSCLC. Table 5 . Comparison of target and OARs' dose-volume parameters in the subgroup of left-lung and rightlung tumors. Abbreviation: OAR = organs at risk; PTV = planning target volume; CI = conformity index; HI = heterogeneity index; T = helical tomotherapy; V = volumetric-modulated arc therapy; I = intensitymodulated radiotherapy; MHD = mean heart dose; MLD = mean lung dose.
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Radiation pneumonitis was one of the most common radiation-related complications for thoracic malignancies, especially for lung cancer. The incidence of radiation pneumonitis was strongly correlated with the radiation dose delivered to the normal lung. A number of studies indicated that the dosimetric parameters from the lung DVH were independent and these significant risk factors were associated with the occurrence of severe radiation pneumonitis 28, 29 . Lung V20 and MLD were regarded as the most crucial parameters in our clinic. In our present study, the V20 from TOMO plans have been shown to be decreased when compared with IMRT in the whole cohorts and the subgroups of centrally located lung lesions and left-lung tumors. However, low-dose sparing to the normal lung tissue conversely increased from the intrinsic nature of TOMO radiation delivery. The mean MLD was comparable among three radiation techniques in the whole cohorts and subgroup population.
There were some limitations in this study. First, the comparison conclusions drawn from the study were specific to the three ways of IMRT plans, which were fixed-field IMRT, VMAT, and TOMO techniques. For fixed-field IMRT, a seven-field coplanar arrangement was designed, and for VMAT a two-arc coplanar beam configuration was used. Actually, these modalities could have been planned using more beams or a non-coplanar beam arrangement, which might increase plan complexity and even change the results compared with each other. Second, the parameter evaluation of normal lung tissue generally referred to the total lung, so we did not divide into ipsilateral and contralateral lung as reported in some of the literature. Whether the distinguishing assessment are needed requires further study. In addition, the limited sample size enrolled in this study might cause insufficient statistical power to show significance among some of the dosimetric parameters. More clinical studies with large sample sizes are essential in the future.
Conclusions
In the treatment of stage IIB-IIIB NSCLC patients with different IMRT techniques, our present study demonstrated that the VMAT plan achieved optimal conformal and homogeneous dose distribution in terms of PTV. TOMO plan showed a slight advantage in reducing the sparing of the total normal lung, mainly in V 20 and V 30 , but at the cost that more low-dose area spread to the normal lung and more radiation doses to the heart. These findings may be of value in selecting the optimal modality of radiotherapy for the individual patient with LA-NSCLC. Although all three different IMRT plans were clinically acceptable, VMAT seems to be the optimal treatment planning technique in the dosimetric comparison with TOMO and IMRT as to comprehensive evaluation.
